In modern physics only relative quantities are considered to have physical significance. For example, position assigned to a system depends on the choice of coordinates, and only relative distances between different systems have physical relevance. On the other hand, in quantum theory the scenario where one system, A, is localised around certain position while another system B is in a spatial superposition is considered to be physically different from the scenario where A is in a superposition, while B is localised. Different physical effects are anticipated in the two scenarios especially when the two systems have widely different masses. Here we show that for any superposed amplitudes that are related by a symmetry transformation, the above scenarios are physically equivalent: probabilities for any measurement are the same whether we assign the superposition state to system A or to system B. More generally, linearity of quantum theory guarantees that if a theory is invariant under some symmetry transformations it is necessarily also invariant under their arbitrary "superpositions". Thus the notion of a superposition turns out to be relative to the choice of coordinates, once it is realised that relations between coordinates do not need to be classical.
Introduction.-General covariance demands that absolute position has no physical meaning [1] . A scenario where one particle is localised around some position x 1 and a second particle is at x 2 = x 1 + L, in any translationally invariant theory, is exactly the same as the scenario where the first particle is localised around some different point x 1 , while the other is at x 2 = x 1 + L. The difference between the two is considered to be only apparent, and is attributed to a different choice of a coordinate system in which the positions of the particles are described. More broadly, in modern physics only relative quantities are considered to have physical significance [2] as a consequence of fundamental interactions being local and depending only on relationships between the systems.
On the other hand, the following two scenarios are considered to be fundamentally different: In scenario A particle 1 is localised around some position x 1 while particle 2 is in a superposition of two states, each localised around a different position | x 1 +L +| x 1 +L . In scenario B particle 1 is in superposition | x 2 − L + | x 2 − L while particle 2 is localised around x 2 . If the mass of particle 1 is much larger than the mass of particle 2, some authors question whether scenario B can be consistently described with current physical theories [3] [4] [5] [6] [7] . Some contest that scenario B is physical at all, postulating that the superposition principle in case B breaks down at a very short time-scale, while it effectively does not break down in case A, see e.g. [8, 9] .
The aim of the present work is to investigate what the standard quantum framework tells us about such scenarios. Our main result is a proof that scenarios like A and B above are fully equivalent according to standard quantum theory. Maintaining the view that there is a fundamental difference between them is incompatible with translational invariance. We generalise the result to any symmetry of dynamics and show that linearity of quantum theory guarantees that if dynamics is invariant under certain transformations it is also invariant under their arbitrary "superpositions". Importantly, our results do not require the inclusion of the reference frames among the dynamical systems, which is at the core of the "quantum reference frames" (QRFs) approach [10] [11] [12] [13] [14] [15] . The studies of QRFs show that if reference frames are treated as quantum systems, they can be related by non-classical transformations, e.g. superpositions of Galilean boosts or of translations [16] . Our work is concerned with a very different question: If labelling of the states is a convention (e.g. stemming from an arbitrary choice of coordinates) does this extend to conventions which yield sets of states that cannot be related by any classical coordinate transformation? Our approach answers this question affirmatively and shows that the resulting quantum transformations between coordinates are still compatible with the usual view of coordinate systems as auxiliary tools, not part of the dynamical system.
Closed box thought experiments.-Here we formulate a thought experiment demonstrating that it is in principle possible to prepare a state of two systems and certify that their relative distance is in superposition, yet it is not possible to tell which of the two systems is in superposition relative to an external reference.
Consider a 'closed box' containing a massive body with mass M and an atom with a much smaller mass m. The box is sufficiently large so that any fields outside are approximately the same for the different configurations of the systems inside. A photon with local frequency ω can be used by an outside agent to interact/measure the systems inside. Before entering the box the photon passes through a beam-splitter, preparing it in a superposition of modes | in , which enters the box, and | out which remains outside.
In case A, Fig. 1 , the mass M is semi-classically localised and can be assigned state | X 1 . The atom passes through a beam-splitter and is thus prepared in superposition of two semi-classically localised states | x 1 and | x 2 , at a distance 
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A V e H X S e n T f n f d q 6 5 M x m D u A P n I 8 f 5 6 i S a Q = = < / l a t e x i t > < l a t e x i t s h a 1 _ b a s e 6 4 = " w 9 The photon mode in the box is absorbed by the atom. In the local rest frame of the atom at a distance d i to M , to lowest postNewtonian order, the photon's frequency will be blue-shifted as ω(1+GM/d i c
2 ) [1, 17] . Thus, we consider an atom with at least three energy levels with the spacing so that it can absorb the photon in both locations d i . After proper time τ the photon is re-emitted. Due to a gravitational potential difference [18] [19] [20] between the locations of the atom, a relative phase [21] 
2 ) is eventually acquired between the photon amplitudes. (The free propagation phase acquired by the photon before and after its interaction with the atom, including the Shapiro effect [22] , is here the same for both amplitudes of the atom.) For simplicity we assume ∆ϕ = π, see Supplemental Material for a general case. The state of all systems after the photon leaves the box reads
Here, θ = m∆Φt/ is the relative phase between the two amplitudes of the atom due to mass M , t the duration of the experiment as measured outside the box, and φ c is the total phase acquired by mode | out , which can be varied by the outside agent.
An outside agent can now overlap the photon modes on a beam-splitter, creating a Mach-Zehnder interferometer for the photon, Fig. 1 left panel. The final state (up to a normalisation factor 1/2 √ 2) reads
where | ± ∝ | in ± | out are the two output modes of the interferometer. Eq. (1) describes the atom and the photon as entangled. The measurement on the photon in | ± basis yields the two possible outcomes with equal probabilities -independently of the controllable phase φ c -and prepares the atom in one of its two orthogonal states, as per eq. (1). The scheme can be extended to yield the measurement of the atom in a superposition basis. This is achieved by performing a Michelson-Morley interferometry with the photon, Fig. 1 right panel. The atom passes again through the beam splitter, which creates a new superposition between | x 1 and | x 2 , and the photon modes are reflected back through the box. As the photon interacts with the new state of the atom, the phases θ and ∆ϕ are acquired again by the relevant amplitudes, since they only depend on relative distances between the systems. The photon modes are overlapped on the beam splitter outside the box and measured in the | ± basis. The final state reads
where
, and J
) and yields the photon detection probabilities
The interference visibility |sin(θ)| depends on the relative phase θ between the amplitudes of the atom. Since it depends on the total time the atom spends in superposition, the outside agent can vary θ by changing the length of the photon paths paths outside the box, so as to extend the duration of the experiment.In summary, the outside agent can confirm that the system inside maintains coherence and can measure the relative phase between the superposed amplitudes.
Case B, Figure 2 , is fully analogous to A, but now the atom remains in a fixed state | x 1 , while the mass M is prepared in superposition of two states | X 1 and | X 2 semi-classically localised at the corresponding distances d 1 and d 2 from the atom. A photon passes through the box and the atom again acquires a phase that depends on the distances between the atom and the mass. The state of all systems after the photon leaves the box is thus analogous to eq. (1), where the states of the mass and the atom are simply exchanged | x i ↔ | X i . Overlapping the photon amplitudes on the beam splitter, Fig. 2 left panel, yields again the two possible outcomes with equal probabilities. Note that in this case the photon becomes entangled with the mass but is uncorrelated with the atom.
As in case A, the outside agent can also reflect the photon amplitudes back through the box, Fig. 2 right panel. Here, the mass M goes again through the beam splitter and after the photon traverses the box it is measured in the basis | ± . The two outcomes are obtained with the same probabilities P ± as in case A. The outside agent can again certify coherence of the superposition state of the mass, and confirm that the interaction between the mass and the photon is unitary.
The key observation is that the measurements on the photon do not allow the outside agent to distinguish whether it was the atom or the mass M prepared to be in superposition -whether the photon went through the box of case A or case B. The outside agent cannot tell whether the photon was entangled with the mass M or with the atom (left panels of the figures), nor whether they measured interference of the mass or of the The scheme on the right panel measures the relative phase between the amplitudes of the mass. Both schemes yield the same outcomes as in case A. Thus, the agent cannot tell which system, the atom or the mass, is prepared in superposition and is responsible for the observed interference.
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atom (right panels of the figures). The individual positions of the two system are usually considered to be independent degrees of freedom (DOFs). In the standard quantum there is only one relevant DOF in the above scenarios -the distance between the atom and the mass. The photon thus becomes entangled with the relative distance between the two systems (left panels) and the outside agent interferes two superposed relative distances (right panels).
Equivalence of scenarios A and B.-The examples above suggest that in the standard quantum theory the notion of superposition is not absolute. We formalise this idea and prove that scenarios in which different systems are initially prepared in a superposition state are merely different descriptions of the same process. A crucial aspect of the argument will be that the description of measurements must be correspondingly changed as well, in order that one obtains a consistent description of the same process. We first prove the result for spatial superpositions and then generalise for arbitrary states. We begin with formalising the two cases to be considered.
In case A system 1 is at an initial time t i in state | ψ 1 , while system 2 is in a superposition of two states that differ by a spatial translation by a
where N A denotes a normalisation factor and U 2 ( a) is a unitary operator implementing spatial translations on the states of system 2, such that if
. In case B, it is system 1 that is initially in a superposition
with N B a normalisation factor and U 1 (− a) a unitary operator inducing a spatial translation by − a on system 1. Note that the spatial distances between the two systems are the same in both cases, e.g. if | ψ 1 | φ 2 describes system 1 and 2 semiclassically localised around x 1 and x 2 , respectively, then the systems are in a superposition of being separated by ∆ x = x 1 − x 2 and by ∆ x + a. The probability amplitude to find the systems at time t f in some state | A f , t f can be obtained from a propagator [23] x 2 ) denotes the set of coordinates of both systems. In case A we are interested in the amplitude A := x f , t f | A i , t i = d{ x}K({ x f }, t f ; { x}, t i )A({ x}, t i ), which reads A = N A d{ x} K { x f }, t f ; { x}, t i ψ 1 ( x 1 ) φ 2 ( x 2 )+φ 2 ( x 2 − a)
In a translationally invariant theory (i.e. with a suitably invariant action) the propagator is translationally invariant, which here implies K({ x f }, t f ; { x + a}, t i ) = K({ x f − a}, t f ; { x}, t i ), (5) see also Supplemental Material. Linearity of A in the initial state and eq. (5) yield A = N A d{ x} K({ x f }, t f ; { x}, t i )ψ 1 ( x 1 ) +K({ x f − a}, t f ; { x}, t i )ψ 1 ( x 1 + a) φ 2 ( x 2 ).
(6)
We now show that amplitude (6) is the same as the amplitude in scenario B. Since relative distances -including those between the measured systems and the detectors -cannot change under a mere change of the description, the detection amplitude now reads B = N B d{ x} K({ x f }, t f ; { x}, t i )ψ 1 ( x 1 ) +K({ x f − a}, t f ; { x}, t i )ψ 1 ( x 1 + a) φ 2 ( x 2 ).
(7)
We still need to show equality of the factors N A , N B (up to a phase). N A(B) can be defined by requiring that for t f → t i the total detection probability is 1. Since lim t f →ti K({ x f }, t i ; { x}, t i ) = δ({ x f − x}) where δ(·) is the Dirac delta distribution we obtain |N −2
This concludes the proof that scenarios A and B are equivalent according to standard quantum formalism in any translationally invariant theory.
Generalisations.-The above analysis directly generalises to arbitrary symmetries of dynamics. For a symmetry Λ with a unitary representation U (Λ)| ψ = | Λψ eq. (5) generalises to α 1 | β 2 |K| Λψ 1 | Λφ 2 = Λ −1 α 1 | Λ −1 β 2 |K| ψ 1 | φ 2 and we obtain
which generalises eq. (6) beyond translations. In Supplemental Material we discuss further generalisations, beyond symmetries of dynamics. Finally, we note that the relative nature of superpositions directly implies relative nature of entanglement. Eq. (8) yields
, which shows that measuring an entangled state in a product basis and measuring a product state in entangled basis are two different descriptions of the same scenario, differing by the choice of coordinates used to label the states of a composite system.
Applications.-One exemplary application of our result is in the context of gravity. Let us take system 1 to be a large massive body and system 2 a test-mass, e.g. an atom, as in our thought experiment. When | α 1 = | ψ 1 and | β 2 = | s(Λ) 2 := | φ 2 + | Λφ 2 eq. (8) describes interference between amplitudes of a test-mass in a fixed background produced by the large mass. Assume in addition that (i) the amplitudes are orthogonal φ 2 | Λφ 2 ≈ 0 and (ii) evolve only by a phase ψ 1 | Λφ 2 |K| ψ 1 | φ 2 ≈ 0, satisfied e.g. when the evolution time is sufficiently short. Eq. (8) then reads
Consider now interference between states of the large mass | s(Λ 
which is the same as the amplitude (9). Our approach shows that two apparently different scenarios should give the same results if the underlying dynamics is translationally invariant and when (i), (ii) hold. In the first one, a test-mass is prepared and measured in a superposition while a large mass is prepared and measured in a fixed state (10) . In the second scenario, the test-mass is in a fixed state while the large mass undergoes interference (9), (as in cases A and B in our closed-box thought experiment). There is no ambiguity in describing interference experiments with test-particles in curved spacetime [24] , and thus how to compute the left hand side (lhs) of eq. (9) . However, it is generally considered that when a massive body is prepared in a superposition state of distinct locations, there is no unambiguous way to describe the lhs of eq. (10), as this would entail the superposition of spacetime metrics, and thus pertain to the domain of quantum gravity. Our result shows that at least for interference of macroscopically distinguishable and static amplitudes, no ambiguity arises: Invariance of physical laws under symmetry transformations unequivocally determines the amplitudes (9) and (10) to be exactly the same.
Discussion Our result has implications for several alternative approaches aiming to describe the interface of quantum theory and general relativity, such as semi-classical gravity [7] or gravitational decoherence models [8] . In semiclassical gravity the gravitational effects of macroscopic bodies on test particles are described by a classical gravitational field equal to the mean field produced by the macroscopic body. Semi-classical gravity thus predicts amplitudes (9) and (10) to be in general different. If the the systems evolve by a phase we can write K| ψ 1 | φ 2 = e iθ(ψ1,φ2) | ψ 1 | φ 2 . Both, in semi-classical gravity and in standard quantum theory the amplitude in eq. (9) (lhs) reads e iθ(ψ1,φ2) +e iθ(ψ1,Λφ2) . The resulting probability is ∝ 1 + cos (∆θ) where ∆θ := θ(ψ 1 , φ 2 ) − θ(ψ 1 , Λφ 2 ), showing interference between the amplitudes, verified in numerous experiments with the earth as the large mass and neutrons [18, 25] or atoms [19, 20, [26] [27] [28] as the interfering test-masses. However, amplitude (10) (lhs) in semi-classical gravity reads φ 2 |K eff | φ 2 with the effective propagator K eff containing gravitational field given by a mean position of the massive body (system 1), see e.g. [5] . This amplitude is ∝ e iθ ef f (ψ2) and yields unit detection probability independently of the size of the superposition. As per our result the these two amplitudes must, however, be equal unless translational invariance is broken.
The same conclusion holds for models postulating decoherence of spatial superpositions of massive systems where the decoherence rate depends on the superposition size and the mass of the superposed system [3] [4] [5] [6] [7] [8] . For a sufficiently large mass of system 1, such models predict that the state | s(Λ −1 ) 1 quickly decays into mixture | ψ 1 ψ 1 | + | Λ −1 ψ 1 Λ −1 ψ 1 |, which in eq. (10) yields a mixture of probabilities instead of interference. But if the mass of system 2 is sufficiently small, probabilities arising from eq. (9) remain the same as in the standard theory. Such models therefore predict the amplitudes (9) and (10) to be in general different, in violation of translational invariance. In the context of our closed-box thought experiments, these models allow the outside agent to distinguish cases A and B: Fast decoherence of the large mass entails P ± ≈ 1/2 in case B (in the Michelson-Morley configuration), while case A would remain unchanged. Therefore, such models can also be seen as necessitating the notion of an absolute position.
In order to satisfy translational invariance, a decoherence model cannot directly depend on the superposition size. The only example of such a model we know of is the theory of Kafri, Taylor and Milburn [29, 30] , where decoherence depends on the superposition size of the relative distance between a pair of systems [31, 32] . A direct extension of this model to composite systems has been shown to contradict experiments [32] , which opens the question: to what extent can translational invariance and classicality of gravity be simultaneously satisfied?
Our work is in several ways complementary to the QRFs approach. It has been shown that QRFs can be fully described relative to each other, without any use of a classical reference [16] . This allowed finding transformations between states, dynamics and measurements which preserve the probabilities under quantum transformations between QRFs. A general form of a Hamiltonian which remains symmetric under specific quantum transformations (superpositions of Galilean translations and superpositions of Galilean boosts) has also been found. In contrast, in our approach probabilities are conserved without constraining the allowed transformations, and invariance under "superpositions" of arbitrary symmetry transformations directly follows from the invariance of the dynamics under individual symmetries. However, our approach does not immediately provide the mathematical structure of the resulting transformations.
Conclusion.-Linearity of quantum theory entails that measurement probabilities are invariant not only under classical transformations of coordinates, but also under more general transformations -comprising "superpositions" of transformations generated by the symmetries. The resulting approach can be applied to processes involving macroscopic superposition states of massive bodies. It also reveals that alternative gravity theories -aiming to preserve the features of classical general relativity at a cost of breaking the superposition principle -can be seen as breaking translational invariance, which is inarguably at the core of general relativity. Finally, the approach may bring new insights into the foundations of quantum theory, as it unveils a novel limitation to the ontic interpretation [33] 
